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VITAL FACTORS IN LOCOMOTIVE DESIGN. 
By Grorce W. McArp. 


z 1 

BerroreE a locomotive can be designed with any degree of assurance 
that. the resulting machine will do all that is required of it, much 
investigation is involved and many enquiries are to be satisfied. 
Some constructors go so far as to issue a questionnaire to a pros- 
pective client and it is proposed, in the notes which follow, to 
consider the various points in sequential order as they affect the 
locomotive-to-be. Before any design can proceed satisfactorily, 
however, definite information is required covering— 


1.—Gauge of railway, actual or proposed. 

2.—Weight of rails in Ibs. per yard. 

3.—Longest non-stop journey engine is to make. 

4,—Distance between watering stations. 

5.—Fuel to be used. , 

6.—Radius of sharpest curve—(a) on main line, (0) in shunting 
yards. 

7.—Gradients—length and steepest inclination of same, and if 
combined with a curve, what’is the curve radius; also 
whether grade is compensated. : 

§.—Running schedules, with line profile and grades combined. 

9,—Maximum load in tons to be hauled, and character of stock 
used. 

10.—Particulars of buffing and draw-gear. 

11.—Loading gauge for line. 

12.—Diameter of turntables and total permissible wheelbase for 
engine and tender. 


Track.— Usually this is already in existence, and attention must 
therefore be devoted to the road upon which the engine will operate. 
Where, however, a new. track is proposed, the following notes 
concern the problems met when considering the gauge and other 
features which affect the initial cost of the track and that involved 
in its operation. : 

The number of gauges in service throughout the world to-day, 
ignoring model railways, is approximately forty, commencing with 
the 18” gauge used for quarry tracks and similar purposes, and 
rising to a maximum of 5’-6".__ They can, however, all be classified 
broadly under three heads :— 

(1)—Narrow, represented by the 2’-6”, metre and 3’-6” lines. 
(2)—Standard, _,, ? 4’-8}” system, and 
(3)—Broad, at os 5'-6" track. 
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No attempt at standardisation ever appears to have been made, 
and to-day the problem is much too complex to permit of such a 
step, involving locomotives, coaching and wagon stock, and track 
in the changes that would be necessary. The Australian railways 
operate on three main gauges, viz., 5'-3", 4'-8}" and 3’-6", and it 
is proposed that the 4’-8}” shall be the ultimate standard for that 
country. To this end, new locomotive stock for the 5’-3” sections 
is designed in such manner as will simplify its ultimate conversion 
to the narrower gauge as far as possible, and this can be accom- 
plished quite simply by building the whole engine, except wheels 
and brake crossbeams, for the 4’-8}” gauge and ‘“‘stepping out” 
the wheel rims and tyres to suit the larger gauge. On conversion, 
a new, set of wheels will suffice to effect the change, using the 
original axles if still in good condition, shortening the distance over 
shoulders of the brake beams and moving the brake blocks and 
hangers nearer the frames in order to retain their position correctly 
relative to the tyres. 


Possibly the African Railways can boast the greatest care in 
planning for ultimate interconnection with other lines, as most of 
the systems in the African continent are built to the 3’-6" gauge, 
and possess a generous load gauge. 


The standard gauge of 4’-83” is employed almost universally in 
Great Britain, except for small self-contained systems in quarries 
and similar workings. _ It is also the gauge adopted on the con- 
tinent ‘except France, Spain, Portugal and Russia), in the U.S.A., 
Canada, China and several other important countries; and an 
examination, however cursory, of the latest heavy American’ 
engines will suffice to show that this gauge will carry any power 
unit that may be required, always assuming the track—rail sections, 
sleepers and ballast—are sufficiently strong to sustain the load, 
and the loading gauge generous enough. 


Under the heads of “Narrow” and “Broad’’ are placed, re- 
spectively, all tracks under and over 4’-8}". As already indicated, 
these are too numerous to quote individually, but the former 
comprise the 2’-0”, 2’-6”, 3’-0”, metre and 3’-6”, while the ‘‘Broad”’ 
gauges embrace the 5’-0", 5’-3" and 5’-6” systems. The original 
Great Western Railway broad gauge of 7’-0” is now practically 
non-existent. 


The standard gauge, although excellent in many respects, would 
not be the most suitable for terrain involving numerous and fairly 
sharp curves, and in this class of country a narrow gauge provides 
the only satisfactory solution, although, as will be seen, at an 
increased annual cost for the running and maintenance of its stock, 
The following are the advantages and disadvantages of the narrow 
gauge, the extent of each being more or less proportionate to the 
difference between the gauge and the standard gauge. 
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Advantages— 
(a) Reduced initial outlay on land and rolling stock. 
(b) Fewer tunnels, cuttings and embankments, and conse- 
quently cheaper cost of track per mile. 
(c) Less time required in construction. 


Disadvantages— 

(a) In trying to follow the contour of the country under survey, 
the line is almost invariably abundant in curves and 
heavy grades, which reduce the available engine draw- 
bar pull considerably. Hence, ,whilst an extra capital 
expenditure is saved, an additional annual charge is 
placed on locomotive power expenses which sooner or 
later outbalances the capital saved. 

(0) Greater transverse overhang required, with consequent 
increased liability to derail. In England, with a gauge 
of 4’-8)", the maximum width of moving structure is 
approximately 8’-8”. On one of the South American 
Railways—the Bolivian Railway—with a gauge of 
3'-33"—1'-54" less than the former—the maximum 

\ width is 9’-6"—nearly a foot more, making in all an 
extra overhang of tanks, etc., of more than two feet. 
(Admittedly, the centre of gravity and the speed are 
reduced to compensate for this, but many engineers 
question the policy of such methods where a wider gauge 
might originally have been chosen). 

(c) Greatly reduced speeds (hence, smaller wheels). 

(¢) Greater consumption of lubricating oil per mile, due to 
smaller wheels involved. In the heavy locomotive stock 
in particular this has been very pronounced and is 
considered to be in part due to the closer proximity to 
the track of the moving parts, dust and grit the more 
easily obtaining access to journals. _ (A pair of journals, 
one 8" dia. x9” long on a standard gauge engine, the 
other 8” dia. x7” long on a narrow gauge engine, may 
be compared to prove this statement ve greater oil 
consumption. | Assume wheels of 6'-9” dia. and 4’-0” 
dia. respectively and compare journal surface swept 
through per mile, with equivalent loads per square 
inch in each case). 

(e) Inconvenience and serious losses owing to break of gauge 
when coming in contact with line of standard gauge. 

(f) A necessary cramping of parts accompanied by reduced 
accessibility for repairs, adjustments, etc. 

(g) Inside cylinders almost impossible. 


. Rail Weight—Reference has already been made to the quality 
of the track, with the implication that a wide gauge does not 


B 
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necessarily presuppose more powerful locomotive stock operating 
thereon. Actually instances can be quoted where a narrow gauge 
employs more powerful engines than certain lines having a bigger 
gauge—the ruling factor here is the standard of excellence of the 
track and the bridges included in the system. The weight of the 
rails, in pounds per lineal yard, also determines the permissible 
maximum load in tons which any axle of a two-cylinder engine 
may carry, and the following ratios have been found to give safe 
results in British rail practice. 


Main lines.—Axle loading (in tons) may be 1 /5th rail weight 
(in lbs. per yard). 

Secondary lines.—Axle loading (in tons) may be 1/6th rail 
weight to compensate for a track inferior in ballasting, 
general finish and maintenance. 


Bridges.—The value of 5 to 1 given above is occasionally trans- 
gressed for special engines—three- or four-cylinder types—where 
the balancing is of such an order that with a higher static axle 
loading the pounding of track and bridges is less severe than with 
the heavy two-cylinder engines operating on that section. This 
is usually decided by reference to the Permanent Way Engineer’s 
department and collaboration with those concerned in the main- 
tenance of the track in jsafe running order, a diagram on the lines 
of Fig. 1 being prepared by the locomotive designer for the par- 
ticular engine and the bridges involved. (For detailed information 
as to the method employed in producing this diagram, see Mr. 
Clayton’s paper on “The Bridge Curve” in Journal No. 27 of the 
Institution of Loco. Engineers). Fig. 1 shows the bridge curve 
as generated for the Diesel electric power houses built in 1932 by 
Armstrong Whitworth for the B.A. Gt. S. Railway. 


Turntables.—Another factor which affects new locomotive stock 
where this reaches a big overall length is the size of turntables on 
the system, and on account of this it may be necessary to adopt 
special measures to enable a high power unit to be built within a 
shorter total wheelbase than would otherwise be adopted. The 
omission of the trailing truck, resulting in, say, a 4-6-0 type instead 
of a 4-6-2 would offer a solution that would probably meet the case 
so far as the turntable diameter is concerned, but might render the 
engine designer’s task more difficult in obtaining the requisite 
boiler power. / 

An alternative that appears to the writer to offer better possi- 
bilities is that shown at B in Fig. 2, where the tender is carried 
on two bogies, the leading unit serving to support the locomotive 
rear end and the tender front end by the use of articulated centre 
castings. (A 4-8-2 type engine of normal design is shown at A 
by way of comparison). This permits the use of a wide firebox 
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Fig. 2. 


and incidentally cuts out the relative movement vertically of the 
two frames with its attendant problems. The L.N.E. Railway 
adapted a locomotive to this design some years ago, but the scheme 
apparently failed to take advantage of the full benefits that are 


possible in such a design, as it does not appear to have been re- 
peated. 


Maximum Load Gauge.—As locomotives do not function entirely 
in open country, but frequently pass through cuttings, arches, 
tunnels, and in proximity to obstructions such as platforms, signals, 
etc., some limitation must be made to their contour as observed 
in end view. This line of demarcation when fixed is known as the 
maximum loading" gauge, and, unfortunately, variés almost to the 
same degree as does the track gauge. Even in Great Britain, 
almost every one of the individual lines existing prior to the grouping 
of the four main lines had a separate load gauge. Although this 
has been combined to a large extent to afford a common limit for 
certain new stock, it is not financially possible to alter all structures 
over any existing system to one common gauge, and many of the 
old limitations therefore still stand. Foreign lines are in much the 
same condition, each having its own particular loading gauge, and 
it is imperative that every new design be planned to pass the 
specified limit. Inspecting engineers who know their job will 
insist on a gauge being provided by the engine builder with which 
to test the first of any new engines, assuming, of course, that the 
design indicates that full use has been made of the limits of the 
gauge. 

This restriction can give the designer of a heavy engine much 
anxiety in providing a big-boilered unit having large driving wheels, 
while yet keeping his machine within the gauge. The driving 
wheels force the boiler centre up and the large heating surfaces 
required compel the adoption of a big barrel diameter with the 
result that not only does the, chimney suffer severe attenuation, 

rc 
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but the safety valves may need redesigning to suit the shortened 
height available, and the cab demands special treatment where it 
passes over the firebox. 


Gradients.—Although the narrower gauge lines tend to include 
gradients more in number and even greater in severity than those 
found on the wider gauges, a limit exists beyond which it is not eco- 
nomical to proceed except by the use of a ratk system over the more 
difficult section. Grades of 1 in 16 are found in service to be the 
aforesaid limit, and such are only used, as a general rule, where the 
driver can approach at fairly high speed—and, therefore, with con- 
siderable kinetic energy in hand—crossing the summit at an appreci- 
ably reduced speed. A glance at Fig. 3 will show that two adverse 
influences act against the forward movement of a locomotive and 
train up an incline, first, the pull of gravity, and second, the reduced 
value of the adhesive load ;_ this latter, however, is more theoretical 
than actual. = 


A—FULL ATHESION LoAD 
B-rcua, " " 
C—PuLt Due To GRAVITY 
é (A,1N THIS Case =TRam Wr) 
THs May BE -y¥eoR — ve. 


Fig. 3. 


ON INCLINED TRACK. 
sq) 


Where it is not possible to cross a section of country by a direct 
line using grades of ordinary values for adhesion engines, and a 
tunnel would be of a length well-nigh impossible to construct or 
operate, several methods may be adopted, the first being to zigzag 
the track up the hillside by a carefully planned road in the form of 
a pass, and on reaching a suitable elevation tunnel through to the 
opposite side. Alternatively, a rack line may continue the route 
over the range from the point where the adhesion line ends, as the 
Transandine Railway in South America. 


~ 


10 VITAL FACTORS IN LOCOMOTIVE DESIGN 


An alternative to the rack system is the cable, operated by a 
stationary hauling engine at the top of the bank, the latter taking 
the train load, while the locomotive power is mostly absorbed in 
transporting itself to the summit. Trains to Edinburgh from the 
Queen Street (Glasgow) terminus of the old North British Railway 
were formerly assisted up the grade to Cowlairs by cable, and those 
from San Paulo (Brazil) still use similar means for reaching the 
higher level of the Sierras. 


Curves.—The influence of curves on a new locomotive design 
is felt in several directions, and where these are particularly sharp, 
the whole design—general and detail—will be affected. On the 
standard and broad gauges the effect is less pronounced than on the 
narrow gauge lines, but in some of these cases it is very, marked. 
Not only does the passage of the vehicle round a curve demand an 
increase of power to overcome the extra resistance—unless a re- 
duction in speed is permissible to compensate—but freedom of the 
several fixed wheels and axles as well as the bogie and truck in any 
position must be assured without imposing any undue strain on the 
vehicle framing. 


All new designs are subjected to a curve test in the design room 
to ensure that the rigid wheelbase is suitable for the sharpest curve, 
as well as to ascertain the side movements ‘required for bogie and 
truck. Where sharp curves exist, it may be necessary to thin some 
of the coupled wheel tyre flanges, or even to remove the entire 
flange, and possibly allow a small clearance between some of the 
coupled wheel bosses and the axle-box faces and: between the box 
flanges and guide faces. To test for freedom an engine may be 
laid down on an eighth scale drawing of the track with the “‘spread”’ 
of rails included, or by the Roy process, which is superior to the 
older method in that it permits the exact measurement of all the 
clearances required. 

The following explanation of the Roy method will assist the 
designer who is unfamiliar with this test, noting at the outset that 
the flange on the outer wheel of the leading fixed axle—usually 
in the coupled group—tends to make contact with the rail. The 
trailing fixed axle also tends to take up a radial position on the 
curve and not infrequently, where four or more axles are coupled, 
the flange of the wheel on the third axle contacts the inner rail 
before those which follow, unless the flanges of the third pair of 
wheels are thinned or removed altogether. Fig. 4 shows the method 
now to be described, the example chosen being a 2-8-0 type loco- 
motive, when running forward. 


wheelbase. 
length of leading truck arm. 
curve radius. 


Let a, dy a3 a4 
x 
R 
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s half the total play between wheel flanges 
and rail heads, plotted outward from track 
centre line. 

e = half the total play between wheel flanges 
and rail heads plus amount of gauge 
widening plotted inwards from track 
centre line. 

A, = maximum possible radial displacement of 
truck centre. : 

A, = maximum side movement available on 
trailing coupled axle, t.e., between axlebox 
and wheelboss plus that between axlebox 
flange and guide face. 

striking angle (out of scale). 
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Fig. 4. 


The method to be followed is well illustrated in the above dia- 
gram, the main points to be watched being the scales to which the 
curve and the engine wheelbase are to be drawn (see next paragraph) 
and the positioning of the engine on ‘the curve. | 

If the transverse scale (comprising wheel flange play, gauge 
widening and side play of axles) is 1 : 6 and the longitudinal scale 
igor 1: bn, then the curve radius R must be drawn to the 
scale 1 : bn?. 


TABLE 1. 
TRANSVERSE SCALE” 1:26 | lisa | 22 1:4 

1:bn [1:5 | 1:10 [1:20 

Longitudinal Scale for i aon 1 E 1 y 720 1 a 

t 1l:bn 120) a0) jt SO. 

I ba* 1 3'25) 1:50 | 1: 100 

Scale of Curve Radius 1:6n® | 1:100) 1: 200] 1: 400 

nek? tor: 1: bn? 1:144} 1: 288] 1:576 
1:bn® | 1:400| 1: 800] 1: 1600, 
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Roy’s method is satisfactory for curves not sharper than 180 
metres (590 feet), providing the value of x docs not exceed 10. In 
all other cases it gives excessive side displacement, and Vogel's 
method should be employed. 


Fig. 5. ' 


The track curve in this case, according to Henschel (to whom 
the author is also indebted for the foregoing description of Roy’s 
method), is plotted from the horizontal base-line b-b, with the @ 
x and y quantities as given in Table 2. All transverse measure- 
ments are drawn vertically and all longitudingl measurements 
parallel to the base-line b-, and not to the axis of the vehicle. 
Contrary to Roy’s method, the scale to which longitudinal dis- 
tances are drawn is independent of the scale used for the track curve. 


With 1: b as the scale of transverse distances, the ordinates of 
the axis of the track are expressed by the formula. 

y = 2/26 (in millimetres) (1) 
where / = the real distance of the point on the track centre line 
from the radius C - C in millimetres. 

R = curve radius in millimetres. 

To obtain the abscissae x, draw the real distance 7 to any scale 
1: bn. 

The object of providing freedom of movement of the vehicle 
on the curve is partly to reduce friction to the smallest dimensions, 
and partly to avoid straining the frame structure. Main line 
curves are always easier than siding curves in order that the train 
may traverse them at moderately high speed, but whichever 
curve the vehicle passes through should be traversed freely and 
without forcing the frame at any point. 

Not only must the frame and undergear respond favourably 
to any curve condition, but the draw-gear must be equally free to 
haul in a straight line, and unless this point is carefully watched, 
the gear may be loaded in a manner for which it has not been 
designed—by jamming against the edge of the opening in the buffer 
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beam, for example—with fracture occurring at a critical juncture. 
Buffers also should be carefully studied on the eighth scale curve 
layout, as occasions will arise which compel the use of an elliptically- 
shaped head having the major axis horizontal, the surface of the 
outer half being curved more sharply in plan to ensure that adjacent 
buffers on a quick curve shall ride on surfaces and not on the edges. 
The matter of speed on the curve is decided by the Permanent 
Way Engineer’s department, and can be related to the super- 
elevation provided by that department ; the following notes show 
the connection. A revolving mass is restrained from leaving the 
.truly circular path by the ties which link it with the axis; a train 
travelling on a curved track, however, is restrained by the pressure 
of the wheel flanges against the outer rail. If this rail were not 
raised above the level of the inner, the effect of centrifugal action, 
operating through the vertical centre of gravity of the whole 
machine, would be to overturn the locomotive at comparatively 
low speeds. By raising, or super-elevating, the outer rail, the 
vehicle is tilted inwards to the centre of the curve, and an increased 
arm provided incidentally for the mass of the engine to act in 

opposition to the overturning effort. 
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The stability of the unit on any curve is guaranteed so long as 
the moment of the engine weight acting at the arm Y (see Fig. 6) 
is at least equal to the overturning force F acting at arm X. But 
F, the centrifugal force, equals Wv?/gr (2) 


i Fig. 6. 
where W = weight of locomotive in tons. 
v = velocity in feet per second. 
g = 32:2! 


Z radius of curve in feet. 

If instead of v we take V as the speed in m.p.u., the formula 
changes to 

(5280/3600)? (WV?) /gr 
= WV?/L5r (3) 

Immediately prior to overturning the forces are equal, i.e., 
FX=WY, but an increase of F beyond the safe limit, due to too 
high a speed, will cause a derailment. 


Equating, (WV2/15r) X=WY and the safe limit in speed, 
V = VIS YR/X (4) 
The arm X is approximately equal to’ H, the height of the 
engine centre of gravity above rail, less half the superelevation S. 
Likewise, the arm Y is equal to G + (HS/2G) within reasonable 
limits. 
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Reference was made earlier in these notes to the position of the 
South African system in the world of railways, and the growth of 
this line during the last 40 years is really remarkable, whether from 
the point of view of traffic handled, size and power of engine units, 
weight of trains hauled, etc. Perhaps one of the most striking 
testimonies to their progress was that given by the then General 
Manager, Mr. W. W. Hoy, in his annual report of 1916, the position 
being such, even in those days, that he could compare it favourably, 
not with other systems of similar gauge, but with the 4’-8}” gauge 
lines in the mother country. During the 25 years since his com- 
parison was made, the advance has been greater than even Mr. Hoy 
could have anticipated, powerful passenger and freight locomotives, 
besides heavy articulated engines of the 4-8-2 — 2-8-4 class, being 
in service on different sections of the system, while the coaching 
stock includes sleepers and dining cars equal in every respect to 
any in the world. An extract from Mr. Hoy’s report is given 
below, and forms an interesting commentary on the possibilities 
of the 3’-6” gauge. 

“Experiments carried out in South Africa show—and the 
experience of other railways confirms this—that speeds ranging 
to 50 and even 60 M.P.H. can, with safety and comfort, be accom- 
plished on the 3’-6” gauge track when maintained at a high standard 
and free from sharp curves. . . .The main lines are gradually being 
improved by heavier metals, grade easement and curve flattening, 
and the road bed generally is being brought up to a standard which 
will admit of safe and comfortable travelling at high speeds. By 
steady development in all directions, I see no reason why all reason- 
able demands for rapid transit, heavy loads and economical working 
should not be met by South Africa’s standard gauge.”’ 

The following is a comparison of recently built engines for the 
British 4’-83” lines and the 3’-6” African system, excluding such 
types as the Mallet and Garratt locomotive, of which, however, 
the South African Railway boasts some fine engines. 


S. African Rly. L.M.&S. Rly. 


Type, wae Sige Pec 4-6-2 Tender 4-6-2 Tender 
Max. Tractive Effort—lbs. 40,315 40,000 
(at 85% M.E.P.) . 

Max. Adhesive Load—tons 59-5 67-1 
Max. Engine Weight (less 

tender) ... 98-9 108-1 
Coupled Wheel Diameter—ins. 72 81 
Cyl. sizes—bore x stroke—ins. 24x28 (two) 16} x 28 (four) 
Total Heating Surface—sq. ft. 3534 3663 
Grate Area—sq. ft. aos 62 50 


Climate.—This must be taken into account from several points 
of view, a moist climate naturally affecting the rail surface and the 
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adhesion obtainable. In some districts where the track passes 
through deep cuttings, a serious loss of power is sustained at certain 
periods of the year due to the heavy fall of vegetation on the track, 
and allowance must be made for these and similar contingencies. 

In countries where extremely low temperatures prevail, pipes 
and tanks for oil and water must be adequately protected from the 
effects of frost, and drain cocks fitted at vital points. On some 
systems the presence of snow on the track has compelled the fitting 
of strong wire brushes at each end of the locomotive together with 
“pusher” bars, the bars clearing the bulk of the newly-fallen snow 
to the side of the track, and the brushes virtually scrubbing the 
remaining snow from the rail face, an application of sand where 
necessary restoring the adhesion to the equivalent of a dry rail, 
or nearly so. 

Where sand-storms are frequent, guards or casings are fitted to 
protect the motion and running gear, as well as the engine crew in 
the cab; similarly, in tropical countries, adequate provision must 
be made to protect the personnel from the heat of the sun’s rays, 
to ventilate the cab and, as far as possible, maintain a cool roof 
by the circulation of air between its upper and lower sections. 
Heavy rains must be guarded against, as sandbox lid-covers, which 
may be perfectly tight in a temperate zone, will sometimes admit 
water under conditions of tropical severity. 


Glass of Service.—Although small lines will use the same engine 
on a variety of services, the larger systems with their heavier traffic 
can afford to employ special types for particular services. Briefly, 
these may be classified under three heads—passenger, goods and 
shunting engines. These in turn are further subdivided under 
local and long-distance express passenger engines; mixed traffic ; 
heavy goods and mineral locomotives; with, finally, light and 
heavy shunting engines. 

Local passenger services may be operated by any one of several 
classes—often a tank engine may be delegated to the job. The 
requirements, from a designer’s viewpoint, usually call for moderate 
cylinder and boiler power, with wheels for top speeds of approxi- 
mately 50 to 60 miles per hour, but where the traffic is of a suburban 
character, with peak loads and frequent services at rush hours, 
larger cylinders, smaller wheels and increased boiler power become 
necessary. 

For long-distance express services, tank engines are occasionally 
employed, particularly the 4-6-4 class, with driving wheels around 
6’-0” diameter, but the tender engine is more frequently com- 
missioned for long non-stop runs owing to the greater reserves of 
water and fuel which a tender will carry. A larger wheel (6’-0” to 
7’-0") is essential for high speed and possibly three, or even four, 
coupled axles to obtain adhesion commensurate with the power 
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demand. If the engines are to operate at speed over track and 
bridges which are not up to the maximum strength on the railway 
in question, the adoption of a three- or four-cylinder design will be 
considered in order to limit the hammer-blow. Cylinder and boiler 
power must be safe for the wgrst conditions, usually observed at 
speed, and the cylinder dimensions should be planned to enable 
the locomotive to start a long train from rest with no outside 
assistance at any point on the section to be worked. 

Locomotives formerly known as goods engines now work such 
a variety of services that their field has become very diverse, and 
where capital is available to permit the employment of special 
engines for particular duties, the one-time goods engine may be 
to-day a fast goods (or mixed traffic) locomotive, a heavy goods, 
or a mineral engine, the chief notable difference being found in the 
wheelbase and the size of the driving wheels. The first of the three 
types referred to hauls the Blue Arrow and similar trains on a fast 
schedule, and will be of the 2-6-0 or 2-6-2 type; the heavy goods 
will probably be a 2-8-0 or 2-8-2 class, and the mineral, a heavy 
slow-running machine of the eight or ten coupled locomotive class, 
probably with neither bogie nor truck. 

In the shunting locomotive sphere, the unit may have light or 
heavy duties to perform, and should be designed with one object 
in view—the exertion of the maximum tractive effort consistent 
with its adhesion. A light shunter would be in the region of 20 
to 30 tons in weight fully loaded, and have two or three coupled 
axles carrying all the weight. A heavy machine would be from 
50 to 55 tons in weight, and have three, or possibly four, coupled 
axles sustaining the entire engine. Cylinder dimensions and boiler 
power in all shunting locomotives are related purely to tractive 
force, though in rare cases such an engine may have a moderately 
long stretch of haulage from the marshalling yard to the docks, in 
which case a measure of speed would be called for and the wheel 
diameter would be increased slightly. To assist in traversing all 
yard curves, shunting locomotives should have the minimum 
wheelbase possible. 


Fuel.—The fuel to be used will be indicated by the client in his 
enquiry specification, and will depend naturally on local supplies, 
if any. Many fuels are in use in different parts of the world, and 
since the early days when coke was consumed so largely, coal, oil, 
wood and even straw have been employed. In some tropical 
countries, sugar canes have been used (naturally after the juice 
has been extracted) and to-day reports mention that coffee, when 
oil-treated, has given excellent results. 

Coal, however, is probably the most commonly used, with oil 
a close runner-up. High evaporation can be achieved with good 
qualities of either fuel, and the firebox design is not greatly different 
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for these, although a long box is preferable for oil firing and a more 
or less square grate for coal. The inner box and the firepan must 
be lined suitably with firebrick when oil is employed, and the fire- 
pan then becomes virtually a sealing chamber beneath the firebox, 
with a suitable arrangement of air inlet passages and dampers. 

Up to recent years the grate width was fixed by the maximum 
obtainable between the main engine frames, but this limitation no 
longer exists in designs which ‘employ a rear carrying unit, and the 
grate can then be to any width consistent with the load gauge. 
Thirty years ago a large grate usually meant a long one, the firebox 
in most cases being arranged between the frames, and the fireman’s 
energy (with coal firing) could be severely taxed on a long run with 
a heavy train. The modern grate, more or less square in plan, 
gives a much better steam raiser with coal fuel for appreciably less 
output of manpower. 

Wood fuel calls for a long narrow grate, and the same design 
would apply to sugar canes or similar fuels. 

For oil fuel a steel inner firebox should always be used, as the 
action of the oil is most destructive on the copper normally em- 
ployed in these structures. 

The designer, then, must have full particulars regarding the fuel 
his engine is to burn, its calorific value in B.T.U. and the distance 
between supply bases in order to determine whether a tank engine 
will meet the case, or, alternatively, the size of tender required, 


Water.—For similar reasons, information is required as to the 
character of the water available and the points where tanks may be 
refilled. If the water is known to be strong in acids, a sample 
should be obtained and analysed, as special precautions will be 
necessary in the design of the boiler and decisions taken regarding 
the materials to employ for the inner firebox and tubes. Special 
wash-out facilities may be required, and it may be desirable to 
provide such equipment as feed water heaters with top feed, or 
special boiler cleaning devices. For certain sections having bad 
water, the Indian State Railways have boilers specially treated on 
the inside surfaces of the lower half of the barrel, and on many 
lines with water having a strong acid content, special devices are 
included in the boiler design to intensify the circulation and avoid 
any risk of steam pockets forming at dangerous points. 


The quality of the water to be used may also be a very serious 
factor in the life of the inner firebox and the tubes, and every 
possible precaution should be taken to assist the client in the 
maintenance. of his boiler and the securing of a satisfactory life 
for the parts referred to, since their renewal can be a very costly 
affair. 

To facilitate the running of non-stop long distance trains on 
British main line railways, water troughs are provided at suitable 
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points, these being kept filled to the correct level by an automatic 
device. The tender has a mechanically-operated scoop which is 
lowered by the fireman as and when required, the momentum of the 
train causing the water to flow up the scoop pipe into the main 
tank. These devices are useful, but in frosty weather the spray, 
when frozen, has been known to give considerable trouble, and this 
fact needs to be borne in mind when designing the scoop and sur- 
rounding equipment. 


Type of Engine Selected.—Where the particular type of engine 
to be used is left to the tenderer to put forward, the information 
already to hand giving the precise duties the engine will be required 
to carry out affords a valuable groundwork for a designer to proceed 
on. Hecan now decide whether a tank or tender engine is essential, 
or, alternatively, whether an articulated unit will give better results ; 
what coupled wheelbase will be required, the sizes of driving wheels, 
cylinders and boiler proportions. The latter will settle whether a 
bogie, or truck—or both—must be employed, this depending on 
whether the overhang of boiler, etc., at front and rear ends is 
excessive. 

Where the power of an engine demands an appreciably heavier 
axle loading than is permissible for the type of unit which meets 
the general requirements, consideration must be given to the 
desirability of employing an articulated engine of the Garratt or 
Mallet type. * This involves higher capital cost, but it has been 
found the only feasible way of combining a low, or relatively low, 
axle load with high overall tractive power. On the other hand, 
if the extra power demand is for short periods only, the solution 
may be the fitting of a booster engine to the trailing truck, or bogie, 
the auxiliary engine cutting in at low speeds and assisting through 
a difficult phase without stalling the main engine. 

Thus the classification of the new engine can be finally fixed, 
and in view of the several methods chosen for designating the 
numerous types, Table 3 is included to give the various symbols, 
etc., for any wheel layout. f 

The following table does not include the Garratt engine, as this is 
usually merely a duplication of the ordinary locomotive with the 
rear ends to the centre. Thus a 4-8-2—2-8-4 Garratt would be a 
2D1-1D2 by the German method of reckoning. 

Most locomotives to-day, certainly in Britain and the U.S.A., 
are simple engines, but on one or two South American lines and 
on the Continent, two- and four-cylinder compounds are employed. ~ 
A few of the Smith three-cylinder compounds are still doing useful 
service in Britain, but this type is not being repeated. The Central 
Argentine Railway has a number of heavy two-cylinder compounds 
in service, and the Bengal Nagpur Railway is operating several 
4-6-2 type four-cylinder compounds, built on the de Glehn system, 
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the principle having proved satisfactory on the B.N.R. many 
years ago, when 4-4-2 type express engines were built on the same 
system and fully tested. The chief attraction of any compound 
locomotive is its higher thermal efficiency, and when of the four- 
cylinder type there are the added advantages of improved balancing 
and lower stresses on the vital parts. Against this, however, 
must be set the higher costs of construction and maintenance, 
and it becomes essentially a C.M.E.’s responsibility to decide 
whether the new engine shall be simple or compound, since he alone 
has the means of estimating the issues on which the directors will 
form their judgment. \ 

Superheating, on the other hand, is by now almost universally 
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adopted for all main line engines, those forming the non-super- 
heating group of new locomotives belonging to the shunting and 
frequent stopping services, as well as those operated by works 
contractors, steelworks, collieries, etc., where the extra cost of the 
equipment is not justified by economies in operation. 


Train Resistance-—Coming now to basic calculations upon 
which the design must stand, the first to be made will obviously 
be those which show the work to be done. _ Resistances are five- 
fold in origin—rolling, grade, curve, wind and acceleration—and, 
being considered in the order stated, will be determined in terms 
of pounds per ton for vehicles of like type in the train. 


Rolling Resistance is that which is produced when a vehicle 
is started from rest or moved at any speed along a dead level track. 
The amount varies according to the speed, and Figs. 7, 8 and 9 
show curves used by the Baldwin Locomotive Co. for locomotives, 
passenger and freight cars respectively, from which it will be seen 
that the starting friction is approximately 16 Ibs. per ton of static 
loading at the rails, falling to around 5 or 6 lbs. per ton at 10 M.P.H. 
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and rising thereafter according to the speed. The following 
formulae are the bases for these graphs :— 
Standard gauge locomotives, Rr= 4-84+0-0034 V2 (5) 


( 
Narrow gauge locomotives and 
those for light standard gauges, Rv=5-6 +0:0045V2 (6 
ad, 


) 

Passenger coaching stock, Rr =4-84+0-0019 V2 (7) 
9 (106 +2V 

Freight cars, Ry =1-687 + Ane + 0-0011V? (8) 


8(W + 1) 
V being the speed in M.p.H.; Ry the rolling resistance in Ibs. per 
ton, and W the weight of cars in tons. (Note—1 ton =2240 lbs.). 

In the case of passenger vehicles, as all new stock is of the’ 
double-bogie type, the curve given will be suitable for general 
all-round service, but in the case of freight cars and wagon stock, 
as the first are usually of the double-bogie type, but much more 
heavily loaded than any passenger car bogies, the curve shown 
would seem to give lower values than would be expected for four- 
wheel wagons so much in use in Great Britain, and some allowance 
for this must be made. 

Resistances for locomotives must include that necessary to 
overcome the internal friction of the power unit, as well as that 
for the vehicle—hence the higher values per ton. These greater 
resistance figures, however, must only be used for the coupled 
wheel loads, those for the bogie, truck and tender axles being 
regarded as part of the train weight and included in that group. 

The graphs and formulae given can be compared by the reader 
with other values as suggested by different authorities, some of 
which are given below. 

Mr. Lawford H. Fry’s formulae are for 


Locomotives. 
4 wheels coupled, Rr = 85 + -0974V + -004 V? (9) 
6 wheels coupled, Rv = 10:08 + -126V + -004 V2 (10) 
8 wheels coupled, | Rr = 13:34 + 48 V + -004 V2 (11) 
Coaching and High Capacity Wagon Stock. ! 
Rr = 36 + -03V + -0027 V2 (12) 


Goods Stock (4 or 6 wheels). 
Rr = 36 + -03V + -0022 V2 (13) 
In conducting some recent experiments for the L.M.S. Railway, 
in connection with the air resistance of trains, Mr. Johansen pro- 
posed a rolling resistance of 
Rr = 4 + 0-025 V + 0-00166 V2 (14) 
Deeley gives R = 3-25 + (V?/281) (15) 
Laboriette recommends R = 3 + (V*/290) (16) 
(each of the last two values are only advised for speeds 
exceeding 20 M.P.H.), and 
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(V +12) v2 . 

Wolff proposes = 3]. + a (17) 
(V+ 3) 300 

Other formulae are in use, such as Aspinall’s, Wellington’s, 

Strahl’s (the last generally employed for German and continental 

stock) and others, and this subject has intrigued engineers to such 

an extent that each investigator seems to produce a separate value 


differing little, in the main, from those already quoted. 


Grade Resistance.—When a train moves up an incline, the 
resistances to be overcome comprise that due to rolling plus that 
involved in raising the train through a given height against the 
effect of gravity. Thus if the grade be 1 in 400, the work due to 
gravity is that done in raising the train through one foot for every 
four hundred travelled, and is taken as 2240/400 pounds per ton. 
Taking the grade as 1 in » feet, the resistance 


Rg = 2240/n Ibs. per ton (18) 
and Fig. 10 gives the graph for this value. 


Sometimes the inclination is stated as x per cent.; in such 
case the resistance Rg = 2240 x/100. 
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Curve Resistance.—The value taken here by American builders 
is X Ibs. per ton per degree of curvature, X representing, for the 
Baldwin Locomotive Co., 0:70 to 1-00 Ib. per ton, and for the 
American Locomotive Co. 0-80 Ibs. per ton (of 2000 Ibs.). “The 
first value is for large and small capacity cars, the latter having 
more axles per train of a given load, and therefore imposing a 
greater tax on the engine while curving. For cight coupled 
engines, however, the figure of 1-5 tons should be taken, with a 
slight increase for ten or twelve coupled locomotives. 


The measure of the curve in degrees is found by taking a chord 
of 100 feet and a radius of 5730 feet, the angle enclosed by two 
radials being 1 degree. If the curve is specified as being of 573 
feet radius, the number of degrees enclosed by the 100 feet chord 
will be approximately 5730/573, or ten. Likewise, the radius in 
feet can be found by dividing 5730 by the number of degrees 
specified, and although this abbreviated method is not strictly 
accurate, the error is negligible. The 100 feet given as the chord 
is actually measured on the rail (the arc) when checking a curved 
track, but the error here also is quite small. 


An alternative method of computing curve resistance is by 
Morrison’s rule, and if this be employed the result will be the sum 
of the resistances as worked out for each type of vehicle in the 
train ; not difficult where passenger or freight cars of double bogie 
design are employed, but otherwise rather tedious, and frequently 
impossible to determine. The rule, however, is 


, R, = 2240 F (G+L)/2r (19) 


where 7 = radius of curve (in feet). ‘ 
L = length of rigid wheelbase (in feet). 
G = gauge of railway. 
F = coefficient of friction of wheels on rail, varying 


from 0-1 to 0-27, according to weather conditions. 


Where a curve falls on a grade, the latter is frequently com- 
pensated locally to allow for the effect of the curve on the tractive 
power available. A resistance of 0-7 to 1-00 lb. per degree of 
curvature is equivalent to that involved by a grade of 0-04 per 
cent. and the compensation referred to is effected by a reduction 
of grade such that the resistance gained equals the extra necessary 
for the curve. 


Air or Wind Resistance.—This may take two forms—head 
winds directly opposing the forward progress of the train, and 
side winds having a similar result, but achieved by a flank pressure 
which forces the vehicles across the track, setting up increased 
flange friction. 

No allowance can be made for side winds, as these are usually 
not sufficiently constant and therefore outside the scope of useful 
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calculations. For the effect of head winds, the formula used by 
the A.L. Co. is 

002 V2A (20) 
where V is the speed in M.p.H. and A represents the maximum 
head-on area of the engine and train. It should be noted that 
for a train travelling at 60 M.p.H. against a head wind of 40 .P.H. 
V must be made equal to the sum of the two velocities combined. 
The value of A usually taken is from 100 to 120 square feet, and if 
we assume the higher value for the speeds just quoted, the tractive 
effort of the engine must cover for the total air resistance of 
-002 (60 +40)? x 120 = 2400 Ibs. 

Mr. Dendy Marshall gives a formula for air resistance calculations 
of 0-00228 V*, in which V is the speed (a.P.H.) and the result is in 
pounds per square foot of end surface. Thus, in the example 
already quoted, D.M.’s formula would give 

0-00228 x 100? x 120 = 2736 lbs. 


As this resistance varies directly as the square of the speed, 
it is obviously necessary to include it when really high speeds 
(say over 60 M.P.H.) are contemplated, particularly so if the line 
crosses open country where head winds are frequently encountered. 
Under such circumstances the C.M.E. may with ample justification 
adopt streamlining in order to reduce the size of his power unit. 

In this connection it is interesting to note the results of experi- 
ments made by the L.M.S. Railway on scale models of express 
engines and trains—with and without streamlining—in wind 
tunnels, and described by Mr. F. C. Johansen in the paper he read 
before the Institution of Mechanical Engineers in November, 1936. 
The air. resistance of a train of conventional British design, accord- 
ing to the above writer, is equivalent to about 0-0016V? pounds 
per ton of train weight, where V is the speed in still air in m.p.u., 
and represents upwards of half the total train resistance on the level 
track at speeds over 80 M.P.H. 

The above formula, like that already quoted in this section, has 
three components; the constants in the two differ only in small 
degree, and the speed term is common to both. But where results 
by the first formula are dependent on the total end area of the 
train measured in square feet, those by the L.M.S. Rly. formula 
are related to the train weight. Fig. 11 graphs the results by the 
two formulae for different speeds, assuming a train of 600 tons 
weight with an end area of 120 sq. feet. , 


Resistance due to Acceleration.—The engine power required to 
overcome the resistances already tabled—rolling, grade, curve and 
air—will enable definite speeds to be attained at different points 
on thefSystem, but whenever a speed has to be increased, the 
resistance of the train to the increased motion must be taken into 
account, along with that of the wheels to the corresponding increased 
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speed of rotation. Both are covered in the formulae generally 
employed, which give 


Ra = 70 (V?-v%)/S (21) 
and = Ra = 95:6 (V-v)/é . (22) 
where Ra = the accelerating force in pounds per ton. 
S = distance in feet through which Ra acts. 
¢ = time in seconds during which Ra acts. 
V_ = higher velocity in miles per hour, and 
v _= lower velocity in miles per hour. 


When making up the total of engine and train resistance the 
figure taken for the locomotive should be applied to the adhesive 
weight only for rolling resistances as previously stated, the bogie, 
truck and tender loads being detailed with those for the train. 
The values found for the grade and also for acceleration apply 
equally to locomotive and train, likewise that for the curve, unless 
the power unit is an eight, ten or twelve coupled engine, when the 
adhesive weight alone would be multiplied by the higher value 
suggested, and the remaining loads—engine and train—by the 
lower figure selected. Air or wind resistance will be related to the 
total engine and train weight, or to the end area opposing movement, 
as preferred. ; 


Tractive Effort—The power of any locomotive to start and 
haul a train is measured in pounds at the rail, and is limited by the 
load imposed at the line of contact between rail and driving wheels, 


= 
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otherwise known as the adhesive, or gripping, load. | When the 
Jatter falls below the value necessary for the power applied, slipping 
of the wheels ensues. 

The measure of the tractive effort of any engine, for starting, 
is determined solely by the size of the driving wheels, the cylinder 
dimensions and the mean effective steam pressure in the cylinder. 
Assuming D to represent the diameter of driving wheels, d that of 
the cylinder bore, L the Jength of the stroke (all in inches) and P 
the mean effective steam pressure in pounds per square inch. 

TE, the tractive effort 


= @LP/D for 2 cyl. simple locos. (23) 
= 15@LP/D,, 3 , » ‘i (24) 
= 2@LP/D , 4 5  » i (25) | 


The value P is generally taken at 85 per cent. of the maximum 
boiler steam pressure, and is a safe figure to employ, providing the 
maximum cut-off is made not less than 75% of the stroke. 


For two-cylinder compound locomotives the A.L. Co. give 


TE, when working compound = D®SPC/2W . (26) 
when working simple = ‘85d°SP/W 
= 26 x (1-:7/CR) 
= 1-:3D?SPC/2W (27) 


For four-cylinder compound locomotives. 


TE, when working compound = D*SPC/W (28) 
- when working simple = (2x-85) dSP/W 
= 28 x (1-7/CR) 7 
= 1:3 D°SPC/W (29) 


The terms employed in these formulae are as follows :— 


diameter of H.P. cylinder in inches, 
diameter of L.P. cylinder in inches. 
length of stroke in inches. 
boiler pressure in pounds per sq. inch. 
constant, taken as -52 (see Table 4). 
diameter of driving wheels in inches. 
ratio of L.P. to H.P. cylinder volume and taken as 2°5 
(see also table 4). 


These American builders point out that results by formulae 
27 and 29 give the tractive effort when just moving. At slow 
speeds the T.E. when working simple will exceed the power when 
working compound by approximately 20 per cent. 

They further state that on superheater compound engines, in 
order to divide the work equally between the high and low pressure 
cylinders, the cut-off in the L.P. cylinder should be approximately 
5%, later than the cut-off in the H.P. cylinder fora cylinder ratio 


oidadunua 


WENNER 
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of 25 to 1. This difference in cut-off should be reduced for higher 
cylinder ratios to zero for a ratio of 2-75 to 1, and increased for 
lower cylinder ratios to approximately 10% for a ratio of 2-2 to 1. 
TABLE 4. 
Per Cent. 
Cut-Off | Ratio or L.P. to H.P. CyLinpDER VoLuME. 
HE: 
Cylinder. | 2-2 23 | 2-7 2-8 
90 +528 513 
89 521 507 
8s 573 “S15 500 
87 +567 +509 494 
86 ‘575 +560 502 +489 
) 85 +570 +555 497 483 
s4 564 +550 491 
83 559 544 486 
82 553 541 
81 548 534 
80 543. | -531 
i) 


The above values of tractive effort hold within certain limits of 
speed, but when these are exceeded the boiler is unable to meet the 
demand for steam at the cut-off in operation, and this must be 
reduced. As speed continues to increase, the cut-off is further 
restricted, with a consequent fall in tractive power at each change 
2 the cut-off. As a result, the actual calculations for the T.E. 

come rather difficult to make when the speed is continually 
subject to change. 
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The Baldwin Locomotive Co. give two graphs in their pocket 
book that meet the case just referred to, these being shown in 
Figs. 12 and 13, First, determine the ratio between the rated 
tractive effort and the total heating surface ; if the engine is super- 
heated, the ratio must be between the tractive effort and the 
evaporative heating surface. Having found this value, use the 
curve nearest to that ratio for the engine under review, and ascer- 
tain the percentage value for the speed in question. The actual 
tractive effort at that speed will be the maximum static tractive 
effort times the percentage value found. 


Where a compound engine is in process of design, the question 
of cylinder ratios will arise and the diameter of the high and low 
pressure cylinders must be settled to ensure that under average 
conditions the work done in any one cylinder shall be equal to that 
done in each of its fellows. This will be obvious in order to split 
up the total work done equally over the several cylinders provided, 


_ and also to equalise the stresses ;_ on two-cylinder compounds this 


is particularly essential, as unequal work in the two cylinders would 
set up a dangerous twisting of the engine athwart the track. 
Naturally the work cannot be equal at all cut-offs in the two 
cylinders—H. and L.P.—and the aim should be to effect equality 
for the cut-off most frequently to be employed, as far as can be 
estimated. The difficulty can be overcome to some little extent 
by separately notching up the H. and L.P. valves, but even with 
this refinement the ideal to be aimed at is only partially possible 
of achievement. 
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The most desirable ratio can be arrived at by the C.M.E.'s 
staff from the data obtained from the running of earlier compound 
engines on their system, and this value should be covered by the 
specification. Mr: J. G. Gairns, in his book on “Locomotive 
Compounding and Superheating,” gives the ratio for two-cylinder 
compounds as usually about 1 to 2 or 1 to 2-25, though occasionally 
1 to 2-5 and 1 to 2°75, or even 1 to 3, are employed. For three- 
cylinder compounds, where only one H.P. cylinder is to be used, 
the three cylinders will be about equal in diameter, or the L.P. 
cylinders may be slightly larger, giving a proportion of 1 to 2, 
or 1 to 2-25. He quotes the famous Smith compounds on the old 
Midland Railway, where a single 19” dia. H.P. cylinder and two 
21” dia. L.P. cylinders are fitted. _ On Webb three-cylinder com- 
pounds with,one L.P. and two H.P. cylinders, the diameters have 
been 15” (or 16”) and 30", giving a ratio of 1 to 2 or slightly less. 

Four-cylinder compounds ‘have a varied scale of ratios, running 
from 1 to 1-7 up to 1 to 3, but where the lower value has been used, 
the influencing factor has been the proportioning of the H.P. 
cylinders sufficiently large for them to start the train unaided. 
Although it is desirable to spread the work to be done evenly over 
all cylinders in a four-cylinder compound, it is not so essential as 
where two cylinders only are employed, for reasons that will pro- 
bably be self-evident. 

The piston strokes are usually equal for H. and L.P. cylinders, 
but if any difference is to be made, the ratios will be computed 
then on the cylinder volumes and not merely on the basis of piston 
diameters. 


Drawbar Pull.—This can only be arrived at correctly by actual 
test on a dynamometer car attached immediately behind the 
engine, but a theoretical figure can be calculated by deducting 
the power absorbed in hauling the engine (and tender if any) from 
the calculated tractive effort. 


Horsepower.—This is the product of the tractive effort (in lbs.) 
and the speed (in M.P.H.) and is obtained from the formula 


H.P. = (TE x Speed)/375* (80) 
The result is often referred to as the theoretical rail horse-power, 
that taken at the drawbar being named the drawbar horse-power, 
and obtained by substituting the drawbar pull for the tractive 
effort in the above formula. 


Adhesion.—Reference has already been made to the necessity 
for providing sufficient weight at the rail to ensure the effective 
use of the power transmitted through the coupled wheels. For 
the determination of preliminary resistance values a certain type 
of engine can usually be assumed, with reasonable accuracy, but 
after all calculations are made for the combined resistances of 
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engine and train under extreme conditions, the tractive effort can 
be settled and the adhesion required “arrived at, using the factor 
compatible with climatic and other conditions. The adhesive 
load divided by the maximum axle load will decide the number of 
coupled axles required. Should the tractive effort be 30,000 Ibs. 
and the factor of adhesion 0-2, the load on the rail at the coupled 
axles will be 30,000/0-2 or 150,000 lbs. With a maximum per- 
missible axle load of 18 tons (40,320 lbs.) the number of coupled 
axles necessary would be four, and the engine an eight-coupled, 
with or without bogie and truck, the necessity for these being 
determined by the boiler power and other factors. 


Coupled Wheel Diameter.—This dimension, one of the factors 
in the tractive effort calculations, is primarily fixed with almost 
entire regard to the matter of speed when the unit is to be an 
express engine. Otherwise, the wheel diameter must fit in with 
the general scheme as regards power and speed. It will also be 
influenced to some extent by the Railway Company’s standards 
and tyres kept in stock, if these are within reasonable dimensions 
of the size found necessary by calculation. The following table 
gives an idea as to the wheel sizes in most general use. 


Gauge of Railway. Class of Engine. Coupled Wheel Diam. 


5’-6" to 4-81" Express 6'-3”" to 7’-0" 

Mixed Traffic 5’-3" to 6’-0" 

Goods 4'-6" to 5’-3" 

Mineral 4'-0" to 4’-6" 

Shunting 3’-6" to 4’-0" 

3/-6" Passenger ' 4'.6" to 6-0" 

Mixed Traffic - 4'-0" to 4’-6" 

: Goods 3’-3” to 4’-0" 
“Metre Passenger 4’-9" 

Goods 3’-0" to 4’-0" 


Cylinders.—These also must be determined with reference to 
the required power, and the question of duplication with existing 
units considered. This may not be possible in its entirety, but 
where cylinders of similar size are in operation component parts 
from these—pistons, valves, covers, etc.—may be worked in. 

The stroke offers some latitude for change where an advantage 
is desired, and with large-coupled wheels a longer stroke is possible. 
In British practice, 26” is usually the maximum employed, but the 
G.W. Railway has several classes using 28” and even 30” strokes. 

To facilitate the determination of: cylinder and coupled -wheel 
proportions, a slight modification to the tractive effort formula for 
simple engines may be helpful. . The customary ratios of diameter 
and stroke will be found to average 2 to 3, and if we assume d and 
L in formula 23 to have this ratio, the formula becomes 
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(dx 1-5d x P)/D = 1-5d8P/D (31) 
from which d and L can be found, and any adjustment made that 
may be deemed necessary. 


The position of the cylinders, whether to be inside the frames 
or outside, may be decided for the designer by the client’ S specifi- 
cation, but if not, consideration of the following “pros” and ‘‘cons’ 
will assist’ towards a settlement. Taking the case of inside cylin- 
ders, the following are obtained by their employment :— 

1.—A minimum of oscillation, or transverse movement athwart 
the track. When we have an engine with a fairly long 
wheelbase, however, this advantage is of very minor value. 

2—Less condensation of steam owing to the sheltered position. 
Then, in many engines having inside cylinders, they form 
the bottom of the smokebox ; hence the heat from the 
furnace gases assists in maintaining a somewhat higher 
temperature than ‘that of cylinders placed outside the 
frames. 

The disadvantages of inside cylinders are— 

1—The crank axle is a source of great weakness and is, unless 
properly and carefully designed, always liable to break- 
down. 

2—It is, further, a very expensive item to manufacture, and 
entails heavy expenditure for one item. 

3—The cylinder diameter is limited owing to the width between 
frames, 19” dia. in this country being the maximum pos- 
sible on the standard gauge, except with some extra- 
ordinary method of design. This size is also limited by the 
centres of crank journals, as we require, besides these two* 
journals, the remaining two for the axle-boxes, the four 
crank cheeks and a length of straight axle for mounting 
the eccentrics. To provide for these in a space of 4’-5}” 
or thereabouts requires no small amount of skill when 
large cylinders are to be employed. 

4—Motion and parts less accessible with inside cylinders for 
lubrication and adjustments. 

5—Balance weights in the wheels require to be much larger for 
inside cylinders. 


The advantages and otherwise for outside cylinders are practically 
per contra to the above, the cost being considerably reduced, 
taken all round. 

The number of cylinders which are to be used may also be fixed 
for the designer, but where he has a free hand, considerations such 
as torque, balancing, weight and cost will influence his decision. 
In the cost clause, attention will be given to details inseparable 
from multi-cylinder engines—number of sets of valve gears to use, 


‘ 
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necessity of providing a crank axle, etc., and with each must be 
considered the increased maintenance charges as well as first cost. 
A further point will be that of crank angles, for while a four-cylinder 
unit will normally have adjacent cranks at 180 degrees apart, some 

ditional advantages are obtainable by staggering the sequence 
as shown in Fig. 14, a softer and more regular blast assisting the 
boiler in producing a greater volume of steam. Where a_three- 
cylinder engine is favoured, and it is found necessary to incline the 
inside cylinder and motion. relative to the outside sets, the position 
of the inside crank must be corrected accordingly. 


= Fig, 14. 


Steam Pressure. — Having the wheel diameter and the cylinder 


' proportions decided, all that remains to be settled in order to com- 


plete all the factors in the T.E. formula for a simple engine is the 
boiler pressure,’ and this may be controlled by various parties. 
Even to-day a strong prejudice exists in many quarters against 
steam pressures over 160 pounds per sq. inch, yet many engines 
are doing fine work regularly on home railways at pressures well 
over 200 Ibs. If the power required can be obtained by using a 
relatively low figure so much the better, as admittedly a low pressure 
does help in keeping down maintenance charges. But where a 
low pressure will handicap the success of an otherwise excellent 
design, raise the pressure to the level desired, and make the design 
in conformity, using as high a factor of safety as the weight limit 
will allow. 

It is, of course, recognised that the boiler pressure and that in 
the steam chest immediately available for doing useful work, are 
by no means alike. A fall in pressure between these points is 
inevitable and the skilful designer will acquaint himself with the 
cause of such drop and proceed with the object of reducing this 
to the absolute minimum. A supply pipe or regulator which is 

. d 
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below size will adversely affect his machine’s efficient operation ; 
on the other hand, a multiple type regulator of the type frequently 
fitted to the headers of superheater locomotives will enhance his 
job, always assuming valves of suitable size are adopted. The 
design of the cylinders and valves, as well as the steam passages, 
will go a long way to make or mar the final result, and last, but 
by no nfeans least, the boiler design must have the most careful 
attention to ensure the use of the full power of which the mechanism 
provided is capable. 

There are factors that cannot be entirely eliminated in a normal 
design of locomotive which militate against the power output 
when speed enters into the calculation, as tests conducted some 
years ago in the U.S.A. by the Master Mechanics’ Association 
showed that wire-drawing alone, where valves and steam passages 
of normal design are employed, accounts for a considerable drop , 
in pressure in the cylinder, and this fact suggests the use of a special 
arrangement, such as the Caprotti, the Franklin or the Lentz, each 
of which employs the poppet type of valve, separate valves being 
carrie@ for live and exhaust steam. Although this introduces a 
special feature, if results are the prime consideration, every alter- 
native must be examined which offers an increased power output 
without recourse to a larger locomotive. 

Where ordinary valve gears are to be used, Tables 5 and 6 below 
may be useful in arriving at approximate values for the mean 
pressure of steam available in the cylinder in percentages of the 
boiler pressure in relation to the revolutions per minute of the 
driving wheels (Table 5) and the approximate mean effective 
pressure available when related to the point of cut-off (Table 6). 


TABLE 5. 
Revs. per min. 60 80 100 120 140 160 180 200 220 240 260 
Available 
M.P. in % 
of Boiler 86 76 G66 58 51 46 42 39 34 32 30 
Pressures 
? TABLE 6. 


a Period of admission in % of length of stroke. 

. p Mean pressure in % of maximum prcssure of admission p=13-5 V a—29’ 
a 175 20 25 30 35 40 45 50 55 60 65 70 75 
p 28 32 40 46 52 57 62 G7 #72 #77 81 85 89 


(Table 5 is from a chart in the possession of the Master Mechanics’ © 
Association, U.S.A., and Table 6 is from “Railway Machinery,” 
by D. K. Clark). : , 

When the tractive power at a given speed is required, ascertain 
the mean pressure: of steam at the speed stated, from Table 5. 
If, however, the maximum tractive force the engine will develop 
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is being considered, calculate the mean steam pressure by reference 
to Table 6. 

There are in operation to-day in the U.S.A. and on the Continent, 
several locomotives employing an ultra-high pressure of steam, 
and the future alone can decide whether success will be achieved 
on these lines. Engines of somewhat similar design have been 
built and operated in Britain, but results so far have by no means 
justified the production of similar units in large numbers. 


Heating Surfaces and Grate Area.—The proportioning of these 
areas suitably for the generation of steam in sufficient quantities 
for the mechanism to function to its fullest capacity involves a 

“study too lengthy for the present article and the interested reader 
is referred to the pamphlet on “Locomotive Boiler Design’’ by the 
. same writer. 


Engine Weight.—Although a power/weight basis has been 
adopted in the field of motor and aero engines, no such rating 
seems practicable for locomotives and the factor of adhesiog best 
suited for the local conditions under which the engine works must 
remain the determining value. If the engine power exceeds the 
correct proportion permitted by the adhesive weight, an excessive 
amount of slipping may arise, while if the weight is greater than is 
necessary for the power output, the locomotive will be sluggish and 
absorb an unreasonable percentage of energy in transporting its 
own mass. 


Experience alone on the user's track will dictate the most 
desirable factor of adhesion for different services, and it is this 
value alone that must be applied to a new design. Cases exist 
where the designer deliberately evolved a high-power unit with a 
low adhesion weight in order that the reserve power could be called 
upon in times of emergency when sanding plus extra careful hand- 
ling would assist in surmounting the critical point with little, or 
no, slipping. 

When the locomotive proportions are finally cast, the next step 
will be to develop a full scheme arrangement embodying the leading 
features. From this an estimate of the“total weight in running 
order can be made, and if this is acceptable, the distribution over 
the several axles will follow. This becomes purely one of re- 
arrangement where necessary to effect a satisfactory loading of 
each of the axles, and is almost always capable of solution. Should 
the total weight be too high, however, ways and means must be 
considered of reducing this to a figure which is acceptable to the 
C.M.E., and if the weight cannot be stepped down without seriously 
affecting the power output, it is usual to approach the Engineer 
for permission to employ a slightly heavier total than that originally 
contemplated. 
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Among the methods adopted for reducing the total weight, 
the following may be mentioned :— 

(1) Special design of boiler which curtails the weight, while yet 
affording the maximum heating surfaces and steaming 
areas, etc., required. This results in a boiler and firebox 
structure tapering from a relatively small diameter at the 
smokebox tubeplate to the maximum across the firebox 
tubeplate, the firebox shell likewise tapering to a smaller 
width in plan and height in elevation at the backplate end. 

(2) Nickel steel plates for boiler and firebox shell, and also for 
engine frame-plates. 


(3) Steel inner firebox. 

(4) Alloy steel for driving and coupling rods and valve gear rods. 
(5) L.N.E.R. type piston and rod combined as one forging. 
(6) 


Careful supervision of all structural and operating details, 
using stresses more in keeping with modern materials. 
Many of the stresses used to-day for the high-grade alloy 
steels chosen for locomotive construction are unduly 
conservative and would. appear to have been influenced 
by stresses previously used, being little higher than those 
for/plain carbon steel units, and seemingly disproportionate 
oe compared with the yield values for the two classes 
of steel. 


(7) Hollow axles, crank pins and piston rods. 


It might be, however, that the total weight, as estimated is 
acceptable, but the distribution is not, and steps are necessary to, 
correct it. The trouble then is due to the position of the centre of 
gravity of the springborne masses—the C.G. may be too far forward 


‘er, more probably, too far behind. Engine designs with rear 


trucks are frequently troublesome in this respect, the trailing 
carrying unit being excessively loaded in many preliminary schemes. 
Several methods are available to achieve a successful issue—the 
introduction of a combustion chamber will throw the mass of tube 
and water weight so many inches forward and appreciably assist 
in the re-distribution. As the object before the designer is to move 
the wheelbase into its correct position relative to the upper structure, 
it becomes purely a drawing-board problem with the application 
of simple mechanics, and, as a rule, the latitude of movement 
available suffices to obtain a solution of the problem. : 
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548/1934. 

Permissible Compressive Stresses for High Tensile Struc- 
tural Steel, manufactured in accordance with B.S.S. 
548/1934. 

Velocity of Flow in Pipes for a given Delivery. 

Delivery of Water in Pipes for a given Head. 

Working Loads in Mild Steel Pillar Shaits. 

Involute Toothed Gearing Chart. 

Steam Pipe Design. Chart showing flow of Stcam through Pipes. 

Variation of Suction Lift and Temperature for Centrifugal Pumps. 

Nomograph for Uniformly Distributed Loads on British 
Standard Beams. 


Connected 


\ Connected 


” » » . } Connected 
Notes on Beam Design and on Use of Data Sheets Nos. | 
84-5-6, 


(Data Sheets are 2d to members, 4d to others, post free). 


Orders for Pamphlets, Data Sheets, and Books to be sent to The Editor, 
The Draughtsman, cheques and orders being crossed “Draughtsman 
Publishing Co., Ltd.” 


